Climate change in the coming centuries will be characterized by interannual, decadal, and multidecadal fluctuations superimposed on anthropogenic trends. Predicting ecological and biogeographic responses to these changes constitutes an immense challenge for ecologists. Perspectives from climatic and ecological history indicate that responses will be laden with contingencies, resulting from episodic climatic events interacting with demographic and colonization events. This effect is compounded by the dependency of environmental sensitivity upon life-stage for many species. Climate variables often used in empirical niche models may become decoupled from the proximal variables that directly influence individuals and populations. Greater predictive capacity, and morefundamental ecological and biogeographic understanding, will come from integration of correlational niche modeling with mechanistic niche modeling, dynamic ecological modeling, targeted experiments, and systematic observations of past and present patterns and dynamics.
cology is fundamentally concerned with understanding the abundance and distribution of organisms, which bears on virtually every application of ecological knowledge from conservation and management of species populations to restoration of ecosystem functions and services. The ecological niche concept lies at the heart of these pursuits. The niche has a rich and complex history, with usage falling into 2 clusters. The Eltonian niche emphasizes resource-consumption relationships among species, whereas the Grinnellian niche focuses on environmental factors, biotic and abiotic, that influence survival, growth, and reproduction of individuals (1) (2) (3) .
The Grinnellian niche underpins efforts to predict ecological and biogeographic responses to global environmental change. Correlative approaches have proliferated in the past decade (2) , and are being widely applied to gauge implications of climate change. In these applications, observed patterns of species distribution and abundance are modeled empirically in multidimensional environmental space (typically comprising climatic and other physical variables), and the models are overlain onto simulated future environments (e.g., from general circulation model output) to predict future patterns (4) (5) (6) (7) (8) . Healthy debate is underway concerning the assumptions underlying these applications (9) (10) (11) (12) (13) .
Paleoecology, which exploits the great store of environmental and ecological history preserved in natural archives (14) , has also benefited from the Grinnellian niche concept in explaining past ecological and biogeographic patterns (15) (16) (17) (18) and inferring past climates from fossil data (19) . By extending ecological observations across a broad range of earth-system states, paleoecological records can reveal fundamental phenomena and processes that would likely go unrecognized in the observational and instrumental record [e.g., novel and disappearing climates (20) ], and reveal hidden or overlooked assumptions in global-change applications of niche models and other tools.
We discuss perspectives from recent paleoecological studies on the issue of forecasting ecological responses to climate change. First, we review recent findings concerning the multiscale nature of climate, emphasizing modes of variability for which detailed paleoclimatic evidence is available and which are likely to mediate ecological responses to global change in the coming centuries. We then explore implications of multiscale climate variability in the context of organismal, population, and community processes, using niche theory as a framework. Our examples emphasize invasion and population expansion of terrestrial plants, but our findings also apply to decline and extirpation, and to other organisms and ecosystems.
Nested, Multiscale Climate Variability and Change
Climate change and variability occurs at all ecologically relevant time scales, with ecologists focused on interannual to decadal time scales and paleoecologists on millennial to multimillennial scales. This has led to contrasting views of ecological dynamics. Ecologists often treat environmental variation as random fluctuations about a constant or gradually changing mean state-a convenient assumption for ecological modeling (21, 22) . Paleoecologists acknowledge rapid responses to abrupt climate shifts (e.g., the late-glacial Younger Dryas Event) (23, 24) , but have focused on gradual, biogeographic adjustments to orbitally driven climate changes (15, (25) (26) (27) (28) .
A new picture is emerging from high-resolution paleoclimatic and paleoecological studies that link the real-time dynamics observed in ecological studies with the long-term changes observed in the fossil record. Recent paleoclimate studies indicate that low-frequency climate trends have been punctuated by significant fluctuations (29, 30) and rapid transitions between climate states (31) (32) (33) . For example, toward the end of the orbitally controlled early-Holocene warm period, between ca. 5500 and 4000 years BP, a series of abrupt climate changes spanning decades to centuries occurred throughout much of the world. These included abrupt cooling and pluvial events in Europe (34, 35) , monsoon shifts in the Indian Ocean (36) , and widespread century-scale droughts in North America and elsewhere (29, 33) .
High-resolution studies of the past millennium indicate decadal and centennial climate patterns that appear nonstationary (means and moments of the distribution vary over time) from the perspective of the last century. Tree-ring studies from across the globe show drift in the magnitude and duration of wet/dry and cool/warm events. Predominantly wet or dry regimes can persist for 10 to 25 years or more, and average precipitation can vary by 10 to 30% from one decade to the next. For example, integrated moisture records from the Upper Colorado River basin ( Fig. 1 ) reveal periods of dampened decadal variability, some with low means (900-1100 CE and 1700s CE) and others with high means (1300s CE), periods of strong multidecadal variability (800-950, 1100s, 1400-1650, 1800-2000 CE), and century-scale trends (ramp-down to the late 1200's megadrought) (37) . Tree-ring records also indicate that extreme, decadal-scale wet and dry events are characteristic of the entire western United States (38) , and these events are likewise embedded in lower-frequency climate variability across wide regions. Moreover, extreme climate anomalies are not randomly distributed in time. Instead, unusually dry years cluster to form long-term droughts, with wet years aggregating to form pluvial periods (39) .
The climate in any region integrates ocean-atmosphere interactions across the globe operating across a range of time scales. For example, the subdecadal El Niño-Southern Oscillation (ENSO) in the tropical Pacific interacts with the Pacific Decadal Oscillation poleward of 20°and the Atlantic Multidecadal Oscillation (AMO) to influence continental climate over much of North America (39, 40) . Climate impacts of interannual ENSO variability may be contingent on the state of the decadal-tomultidecal AMO and PDO variability. For reasons not well understood, different combinations of ENSO, PDO, and AMO states are associated with a variety of spatial and temporal expressions of moisture and temperature across much of North America.
Paleoclimate records and modeling studies indicate that these modes of ocean variability have changed over centennial to multimillennial time scales. ENSO variability was weakened under early Holocene orbital forcing, with high variability emerging only in the last few thousand years (41) . Future climate change will be the product of natural variability acting over multiple spatial and temporal scales superimposed on anthropogenic trends. The transition from climate observed in the historic record to the climate of the future will inevitably include shifts between dominant climatic modes, speeding up or slowing down anthropogenic changes and advancing or delaying the crossing of ecological thresholds (42) .
Niche Dimensions and Proximal Controls: What Matters To Organisms?
Hutchinson (43, 44) envisioned the Grinnellian niche as an envelope or response surface in an n-dimensional environmental space. The value of n may be very large. Temperature, for example, comprises a large suite of variables. Its simplest expression, as an annual mean, explains many biotic patterns at regional to global scales (45, 46) . Seasonal and monthly mean temperatures provide additional explanatory power in ecology and biogeography. These and other integrated measures (e.g., growing-degree days) are widely used in correlative models of species distribution (4) (5) (6) (7) (8) , and perform well in predicting modern distribution and abundance patterns.
Proximal influence of temperature on survival and reproduction of plants and animals involves a much broader suite of variables. Most organisms have maximum and minimum temperature thresholds for survival and reproduction. Different plant species, for example, have different low-temperature thresholds, and sensitivity varies among individuals and populations depending on cold-hardening and acclimation (47) . For some species, these are absolute thresholds, whereas for others, individuals can resist low temperatures for a few hours or days before they succumb. Thresholds may also change for individuals according to season and life-history stage. Thus, a proximal temperature predictor of a species range limit might consist of the probability that temperature falls below a threshold within x days after bud break, or probability of winter temperatures falling below a freezing threshold for y hours, or frequency of years (relative to mean generation time) in which summer temperatures persist below a threshold for z days. Some may be more subtle: Seedling survival of subalpine conifers may be limited by the frequency of growing-season days in which early-morning temperatures are below a low-temperature photoinhibition threshold (48) .
The number of proximal variables (and hence niche dimensions) that influence species distribution and abundance may exceed practical capabilities for empirical modeling or parameterization. High dimensionality is generally dealt with in the environmental and social sciences by assuming strong covariance structure. The success of species-distribution modeling derives from strong covariance between the numerous ''hidden'' proximal variables and a smaller suite of easily measured or modeled variables Ϫ such as seasonal mean temperatures. Virtually all proximal temperature-related variables are strongly correlated with seasonal means and other integrated measures, because all covary along latitudinal, longitudinal, and elevational gradients at regional to global scales. This spatial covariance is conserved through time. For example, in the Northern Hemisphere, probability of subfreezing temperature after the spring equinox and Tree growth is represented as a regional index (i.e., z scores) based on ring-widths from 11 of the oldest chronologies in the basin (42) . The composite tree-ring record is strongly correlated (r ϭ 0.75) with annual precipitation in the region (see Inset). A 25-year running mean is plotted for both the tree-ring index (black) and observed annual precipitation (red). Note decadal to centennial shifts in the mean and variability, and extended wet/dry regimes; no two centuries show similar patterns.
the frequency of years in which winter minimum temperature drops below Ϫ10°C will increase with latitude and elevation, whereas mean January temperature will decrease. These spatial relationships have obtained throughout the Phanerozoic, and will persist into the remote future.
Although the strength and direction (positive or negative) of spatial covariance among temperature-related variables is strongly conserved, the covariance structure (slope, intercept, dispersion) may change as atmospheric circulation patterns respond to various forcings and feedbacks (17, 18) . This may reduce the predictive power and accuracy of empirical niche models when applied to past and future climate states.
As a simple example, Milankovitch forcing in the early Holocene sharpened the seasonal temperature contrast over much of the Northern Hemisphere relative to the late Holocene (Fig.  2) . Mid to late Holocene reduction of the seasonal insolation contrast led to decreased mean summer and increased mean winter temperatures. However, in many regions this transition was probably accompanied by an increase in length of the growing season (Fig. 2) , fostering northward expansion of phenologically sensitive species during a period of cooling summers (49) . Growing-degree days or other heat sums might also have decreased, depending on the extent of midsummer daytime temperature decrease.
For a species that requires some minimum of consecutive frost-free days to complete its growth and reproductive cycles, mean July temperature would serve as a strong predictor of distribution and abundance today. However, mean July temperature might serve as a poor predictor of range or population shifts even in the recent past, owing to the temporal decoupling of growing-season length and mean July temperature (Fig. 2B) . Looking forward into the next century, all 3 variables are predicted to change in the same direction (Fig. 2) (8) , but current slopes and dispersion patterns may not be conserved, because the magnitude of change will differ among these variables, and will also vary spatially.
Moisture, another important variable, is often expressed as mean annual or seasonal precipitation or as actual or potential deficit. Like temperature, moisture comprises numerous ecologically relevant proximal variables, with covariance conserved in space but potentially evolving in time. Temperature and moisture interact, both in their spatial and temporal patterns and in their biological effects. Their biological influence is also contingent on other variables (e.g., photosynthetically active radiation, daytime and nighttime cloud cover, ambient CO 2 concentrations) and vice versa. The temporal evolution of the realized environment-the shape and position of the ndimensional cloud-yields new combinations of environmental variables and altered environmental complex-gradients (in the sense of ref. 50) (16) (17) (18) .
Although the covariance structure of the multidimensional environmental space can be characterized at any given time, our capacity to use some dimensions as predictors of other dimensions may be limited under environmental change. The potential magnitude of this problem remains largely unexplored. Needed is a more comprehensive compilation of proximal climatic factors known to influence natural populations and distributions, and sensitivity analysis of their covariance under different climate regimes.
Climate Variability, the Regeneration Niche, and Range Dynamics The fundamental niche for a species along one dimension is often conceptualized as a single response curve, with an optimum and thresholds beyond which individuals cannot survive, regardless of age or life-history stage (Fig. 3A) . However, ecologists have long recognized that environmental responses may differ among life-history stages (51, 52) , with juveniles often having narrower niches than adults (Fig. 3B) . Seedlings with limited root systems, low carbon reserves, and reduced photosynthetic capacity will undergo mortality under conditions that present no difficulty for conspecific adults. Woody plants provide numerous examples in which seedlings are far less tolerant than adults of growing-season drought, flooding, and temperature extremes (53) (54) (55) . Similarly, many species can reproduce sexually within a narrower range of conditions than those in which they can grow (55) (56) (57) . The regeneration niche (52) describes the fundamental niche for successful reproduction, and hence is often more relevant to assessment of range limits than the adult-growth niche. The adult niche may itself undergo different phases of sensitivity. For example, young trees may be disproportionately affected by warming (58), whereas older trees may be more susceptible to severe droughts (59). The unitary and regeneration niche models have different consequences for geographic and population responses to climate change. Under a scenario of gradual, monotonic change, the unitary niche model predicts potential colonization once the environment passes the universal survival threshold (Fig. 3C) , with population increase if the environment continues to change in a favorable direction. Under the regeneration-niche model, colonization is delayed until the regeneration threshold is attained (Fig. 3D) . Adding high-frequency environmental variability to a low-frequency trend under the traditional model introduces an intermediate period in which populations can colonize during favorable periods but are extirpated during unfavorable periods (Fig. 3E) . Assuming source populations within effective dispersal distance, an extinction/recolonization dynamic (60) will occur until the environmental trend carries the variability beyond the survival threshold, at which point the population becomes sustainable (Fig. 3E) . Under the regeneration model, colonization is delayed until fluctuations carry the environment beyond the regeneration threshold, and the population experiences a period of episodic or event-limited recruitment and expansion (Fig. 3F) . If fluctuations carry the environment below the survival threshold, or if frequency of recruitment events is less than the mean generation time, extinction/ recolonization dynamics will ensue until the environmental trend carries the site safely above the survival or recruitment threshold.
Even in the absence of a trend, a change in magnitude of environmental variability can influence geographic range and population size. An increase in amplitude of environmental fluctuation under the unitary model can increase the magnitude of fluctuations in population size. Sufficiently wide amplitude of environmental fluctuation can lead to periodic extirpation and recolonization (Fig. 3G) , as can less dramatic fluctuations around a mean closer to the survival threshold (see Fig. 3E ). Under a regeneration-niche scenario, an increase in amplitude can lead to a series of recruitment pulses which, if at higher frequency than mean generation time, can sustain and grow a population (Fig. 3H) . As in the case of the unitary model, fluctuations of sufficient amplitude can lead to an extinction/ recolonization phase (Fig. 3H) .
The final scenario combines a monotonic trend with increasing variance, in accord with predictions of increasing climate variability in a warming world (61) . Under a unitary niche model, a population can first experience extinction/recolonization dynamics, followed by sustained growth, and followed again by extinction/recolonization (Fig. 3I) . The regeneration niche model can lead first to episodic recruitment and then to extinction/recolonization (Fig. 3J) , similar to the pattern for increasing variance.
The precise outcome of all of these scenarios depends on the steepness of the trend, the amplitude and frequency of the variability, and the position of the respective survival thresholds. Other sequences are conceivable, but all outcomes fall into 4 general categories: no population, sustained population, episodic recruitment, and extinction/recolonization. These are potential outcomes, contingent on availability of propagule sources for initial colonization and recolonization.
Historical Contingencies and Ecological Ratchets
Historical contingencies, whereby particular events leave persistent imprints, are widely acknowledged as critical factors in evolutionary biology (62) (63) (64) . A parallel concept in ecology, ecological legacy, refers to ecosystem properties that are attributable to past events (e.g., disturbances) or past system states (14, 65) . Both concepts are relevant to global change ecology and biogeography. Historical contingencies in the dynamics of species distributions are inevitable given multiscale and multidimensional environmental variation, episodic climatic change, and stage-specific Grinnellian niches. Conversely, ecological and biogeographic realizations may represent legacies of previous events and realizations.
Historical contingencies can arise simply from the episodic nature of recruitment when environmental variability hovers around a juvenile survival threshold (Fig. 3 F, H, and J) . Each favorable period provides opportunity for colonization of unoccupied sites, expansion of populations in occupied sites, and (ultimately) increase in propagule flux density at occupied sites for additional colonization and expansion. Environmental variability underlies a ratchet mechanism for invasion of species with persistent, long-lived individuals (e.g., woody plants). Forward motion (colonization and population expansion) proceeds during favorable periods, and persistence ensures that reverse motion (decline and extirpation) is minimized during unfavorable periods. In such systems, the number of occupied sites and local population density at any given time will be a function not of the contemporary environment, but of the cumulative number or duration of recruitment episodes elapsed since initial colonization.
Historical contingencies deriving from climate variability can be amplified by other factors. Multiscale climate variability ensures that sites will experience different magnitudes, durations, and frequencies of favorable and unfavorable periods, each potentially imparting a distinct historical signature on ecosystems. Allee effects (66) can interact with climate variability to maintain populations or accelerate invasion. Favorable recruitment events of sufficient magnitude, duration, and/or frequency can build a colonizing population to levels where densitydependent factors (outcrossing, mate encounter, microenvironment, propagule flux density) no longer limit population expansion and dispersal to new sites. In patchy landscapes, favorable climate episodes can increase size and density of colonization targets, allowing establishment of new populations (and propagule sources) via long-distance dispersal (67) . Habitats or microsites suitable for species populations during adverse periods can prevent extirpation and maintain sources for subsequent colonization and expansion. Finally, climate events synchronize widespread ecological disturbances, including wildfires, windstorms, pest outbreaks, and drought dieback (59, (68) (69) (70) (71) (72) , providing opportunities for rapid colonization by species with propagule sources in the vicinity. All of these factors can interact with climate variability to maintain net forward motion of the invasion ratchet.
These processes are well-documented in ecological and dendroecological studies of modern natural populations. In the American Southwest, decadal to multidecadal climate variation sets the tempo for episodic disturbance and recruitment in forests and woodlands, governing fuel and moisture conditions for wildfires, drought and temperature conditions for insectinduced mortality, and moisture and fire conditions for seedling recruitment (68) (69) (70) 73) . Across a broader portion of the western United States, decadal to multidecadal variations have produced legacies in the form of synchronous fire disturbances (74) (75) (76) and pest outbreaks (77) . In humid eastern North America, historical droughts have resulted in widespread tree mortality (78) (79) (80) (81) , and seedling recruitment of many trees is mediated by summer moisture (81) (82) (83) (84) (85) (86) . Ample potential exists for ecological legacies imposed by past climate events in most of the world.
Paleoecological studies document historical contingencies in Holocene range expansions. Piñon pine (Pinus edulis) colonized a mesic site in northeastern Utah by long-distance dispersal in the mid-13th Century CE, but did not expand further until a large recruitment pulse in the mid-and late 14th Century (42) . These events were paced by climate variability: Initial establishment coincided with a brief wet period embedded within a series of multidecadal droughts. The last of these droughts, from ca. 1260 to 1290 CE, was followed by an extended wet period, facilitating rapid expansion (42) . Thus, the modern population is contingent on the rapid 14th Century population expansion, which was itself contingent on 13th Century establishment and survival. Had the pioneer individuals not colonized, or had they succumbed during the late 13th century megadrought, the modern northern limit of the species might be much further south. Had colonization occurred centuries earlier, the species might occupy suitable habitat to the north, 50-100 km beyond its current range limit.
Holocene invasion of Utah juniper (Juniperus osteosperma) in north-central Wyoming shows similar contingencies (87) . Utah juniper was established on a few sites ca. 5400 years BP, persisted without further expansion for 2600 years, and then colonized multiple sites across a broad area during a favorable period lasting 1800 years. It has persisted on those sites without further expansion for the past 1,000 years. Had the species not established a handful of isolated, persistent populations 5400 years ago, it might now occupy only a fraction of the sites where it occurs today. Conversely, had colonization not been interrupted by climate change ca. 5400 years BP, the species might occur across a much larger territory today, filling a number of gaps where suitable habitat occurs but the species is absent (87) .
Colonization contingencies are also documented in humid regions. Holocene expansion of mesic trees in the western Great Lakes region was episodic, with climate-driven onset and cessation of expansion pulses (88) (89) (90) (91) . Dendroecological and pollen studies of tamarack (Larix laricina) near its northern range limits in northwest Québec show climate-driven pulses of range expansion (92) .
Challenges of Prediction in an Evolving World
The earth system is destined for some degree of anthropogenic climate change in the coming decades (93) . Conservation of biodiversity, maintenance of ecological services, and management of natural resources will need to adapt, requiring some level of predictive capacity. Such capacity has 2 components: ability to predict the course of climate change in coming decades, and ability to predict ecological and biogeographic responses to climate change. Land-surface/atmosphere feedbacks further require that the latter predictions inform the former. Perhaps the most confident prediction that can be made about climate change between now and 2100 CE is that it will be neither smooth nor gradual. Anthropogenically driven trends will interact with and influence natural variability, and the next century will include periods of slow change punctuated by rapid transitions. Ecological realizations of any future time-species distributions, community composition, ecosystem function-will be determined by the particular course of climate regimes, events, and transitions between now and then.
Correlational models place ecologists and biogeographers in a weak position to predict future ecological realizations (10-13). We have emphasized 4 interlinked sources of uncertainty in application of these models: multiscale climate variability, temporal decoupling of environmental covariance patterns, influence of the regeneration niche, and effects of historical contingency on ecological and biogeographic realizations. We do not question the usefulness of correlative models in gauging the potential biotic consequences of particular climate-change scenarios. However, we view their role as being primarily cautionary and illustrative, rather than predictive and prescriptive. Results of such models may be most useful as biogeographically or ecologically scaled metrics of the extent and nature of predicted climate changes. As such, they can help identify broad targets for conservation and resource planning.
In the face of changing climate and its accompanying uncertainties, ecologists, conservation biologists, and resource managers will have to identify appropriate points and scales of intervention to maintain specific ecological goods and services. Such interventions include postdisturbance manipulation, particularly in early successional stages, to ensure desirable outcomes, and transplantation of appropriate genotypes and species to foster maintenance of biodiversity and provide future goods and services. However, successful implementation of these interventions requires forecasting capacity. Interventions will be ineffective if initiated during unfavorable climate intervals, and planning will be most effective if large-scale disturbances can be anticipated in advance.
Some degree of climate forecasting months to years in advance may be within reach. Probability of future multidecadal climateregime shifts has recently been calculated based on probability distribution functions from a 500-year AMO reconstruction (94) . Decadal climate predictions may soon become routine using climate models initialized with current sea-surface temperature observations in the North Atlantic and tropical Pacific basins (95) .
This climate-forecasting capacity can be invaluable in ecological management, but only if ecological forecasting ability is at a sufficiently advanced stage. Empirical modeling of the Grinnellian niche represents a valiant attempt at attaining forecasting capacity, but is by itself insufficient. Observational, experimental, and alternative modeling efforts should be accelerated and integrated (e.g., 96). Observations are critical for identifying fundamental patterns, mechanisms, and phenomena. Needed are real-time studies of the fundamental biology, natural history, and distribution of individual species and populations, dense long-term monitoring networks to identify trends and patterns in disturbance, demography, and phenology, and retrospective studies to assess the full array of ecological responses and sensitivities to past climate changes of various rates and magnitudes. Laboratory experiments, field manipulations, and unreplicated large-scale experiments provide rigorous testing of mechanisms and detailed insights into processes (97, 98) . Ecological modeling, including correlative, mechanistic (12, (99) (100) (101) , and dynamic approaches (102) , offers opportunities for exploring consequences of scenarios and mechanisms. Implementation and integration of these diverse approaches constitutes a grand scientific challenge for ecologists.
However quickly a comprehensive research program can be implemented, ongoing and future rates of environmental change are likely to outstrip scientific capacity to predict ecological responses and societal capacity to adapt appropriately. Immediate actions to slow down the rates of global change will buy precious time to allow scientific understanding and mitigation strategies to catch up.
